A non-invasive, phase-insensitive optical coherence angiography method has been demonstrated for in vivo human retinal imaging based on high-speed spectral-domain optical coherence tomography with a center wavelength of 840nm. Three-dimensional view of the choroidal vasculature was obtained by segmenting choroidal vessels using threshold values from the intensity distribution at each depth plane relative to the retinal pigment epithelium layer. A vascular projection image was obtained by integrating the segmented choroidal vasculature.
INTRODUCTION
Examination of ocular vascular integrity is important for the diagnosis of ophthalmic diseases, because the eye receives its nutrient supply via the ocular vessels. Glaucoma, diabetic retinopathy and age-related macular degeneration (AMD) are representative ocular diseases. Fluorescein angiography (FA) and indocyanine green angiography (ICGA) are two commonly used methods for ocular vessel imaging. Sodium fluorescein dye is used in FA to contrast the retinal vessels, and indocyanine green dye is used for the ICGA to contrast the choroidal vessels. Although it is possible to obtain satisfactory images of the vasculature with FA and ICGA, some adverse allergic reactions occur on injection of the dye. These reactions include nausea, vomiting, itching and dyspnea [1] , [2] . Therefore, one of the requirements for noninvasive ocular angiography is the avoidance of allergic reactions.
Optical coherence tomography (OCT) is a low-coherence interferometer-based noninvasive medical imaging method that can provide high-resolution, cross-sectional images of biological tissues. The recently developed spectral domain (SD) OCT renders it possible to obtain high resolution images with a high speed. Additionally, the characteristic volume flow dynamics within the blood vessels can be obtained by Doppler OCT. Blood flow can be measured from the phase change between adjacent A-lines [3] . Makita et al demonstrated Doppler optical coherence angiography (OCA) [4] . Three-dimensional (3D) images of the ocular vasculature were obtained wherein bi-directional flow represented the retinal vessels and power of Doppler shift represented the choroidal vessels. The retinal and choroidal regions are distinguished by the segmentation of the RPE layer. Doppler OCA facilitated construction of the 3D vasculature by using the Doppler shift frequencies of the blood flow, but there is limitation of the measurable Doppler shift frequency. Therefore, it is difficult to measure the extremely slow blood flow rate. Dense scanning between A-lines is necessary to measure the phase change in a phase-sensitive technique like Doppler OCA. Dense scanning is expensive because it prolongs the measurement time, particularly in the case of 3D measurement, and some patients experience a difficulty in enduring a long measurement time and in avoiding eye movements during the measurement. Therefore we developed a phase-insensitive optical coherence angiography (PI-OCA) method using the light absorption and the scattering property of blood for choroidal vessel segmentation: this method was based on SD-OCT -the system that is identical to Doppler OCA [4] . The high contrast 3D choroidal vasculature was obtained and the quality of the two-dimensional images was similar to that obtained by using ICGA.
SYSTEM
A standard SD-OCT system is employed to obtain 3D retinal OCT images. A super-luminescent diode (Superlum, Russia, SLD-37) with a center wavelength of 840nm and a FWHM spectral bandwidth of 50nm was used as the light source. Polarization controllers were placed after the SLD, and before the reference and sample arms. An optical isolator was used to prevent re-incident light from entering the source. A 20/80 fiber coupler was used to split the beam; 80% and 20% for the reference and sample arms, respectively. A 78D lens was used to focus on the posterior of the eye disc. The optical probing power used was 700 µW -a value lower than the ANSI exposure limit specified [5] . The backscattered light from the retina and reference light from the mirror are combined and allowed to enter the spectrometer. A transparent diffractive grating (Wasatch Photonics, 1200 lines/mm) used to separate the coherent light and an achromatic lens (f=200mm) was used to focus the separated light in the spectrometer. A high-speed line-scan CCD camera (Basler, L103k-2k) was used to detect the spectral interference signals.
This standard SD-OCT system has the imaging performance of the 18.7 kHz A-line scan rate with a 53.1 µs exposure time for one A-line. A 1024 A-lines two-dimensional B-scan image was obtained within 18 fps, and a 512 × 256 A-lines 3D volume was obtained within 7 s. The theoretical axial resolution was estimated to be 6.2 mm in air, but the measured axial resolution was estimated as 8.8 mm in air. This value corresponds to 6.4 mm in the tissue, assuming that the refractive index of the tissue was 1.38. The discrepancy between this value and the theoretical value may be due to attributable to the non-Gaussian shape of the source spectrum. The sensitivity of the system was measured to be 99.3 dB at a depth of 100 µm, this value decreased to 92.9 dB at a depth of 2 mm.
PHASE-INSENSITIVE OPTICAL COHERENCE ANGIOGRAPHY
A 3D view of a human retinal structure could be obtained using high-speed SD-OCT and the retinal volume image was processed using the method of S. Makita et al [4] . Fig. 1 describes the process of choroidal vessel segmentation. First, the anterior boundary of the retina was determined by an algorithm similar to that suggested by Mujat et al [6] , excluding the snake algorithm. Next, a highly reflective layer -the retinal pigment epithelium (RPE) and the choriocapillaries -was assigned as the maximum gradient position lower than 89 µm (25 pixels) from the anterior boundary [4] . Using our method, the depth at which RPE was located was used as the reference depth layer. A retinal shadowgram is created from the projection in the RPE layer [7] . To identify the position of retinal vessels, a binary map was constructed from the shadowgram by thresholding. The upper threshold value was determined as µ − cσ, where µ was the mean and σ, the standard deviation of the intensity distribution of the shadowgram. The coefficient c was set at 0.5 in order to obtain an appropriate image. The noise level was used as the lower threshold value [8] .
The choroid was en-face-sliced through the depth at the same distance relative to the reference layer (RPE). The binary maps of choroidal vessels were constructed in each en-face-slice with the same thresholding process as that used in the case of the retinal binary map; however, the intensity data of the retinal shadow region were excluded from the process.
To segment the choroidal vessels with enhanced contrast, a limited intensity range was selected from the noise level to the µ − cσ. The selected intensity was reversed and rescaled to the maximum range, while the other values were set to 0, and the rescaled reversed OCT intensity was then multiplied with each binary map. The segmented choroidal vasculature was stacked and restructured to the original position by using the RPE position data. The segmental choroidal vasculature volume was obtained after 3D Gaussian filtering with a standard deviation of 2 × 2 × 1 pixels (axial direction × B-scanning direction × C-scanning direction), because one volume composed with 512 B-scan lines × 256 C-scan lines for the 2.5 mm × 2.5 mm area.
RESULTS AND DISCUSSION

PI-OCA angiogram
Measurement was performed in a human eye devoid of any retinal diseases; the standard SD-OCT system was used for measurement and in vivo 3D choroidal vasculatures were constructed by PI-OCA according to the procedure described in section 3. Fig. 2 (A) represents the segmented choroidal vasculature of the macular area, with a lateral size of 2.5 mm × 2.5 mm (512 × 256 A-lines). The shadow of the retinal vessels was eliminated from the 3D volume by using the binary map of the retinal vessels; this was done to avoid confusion with the choroidal vessels. The segmented choroidal vessel networks can be seen.
A two-dimensional retinal vessel image, Fig. 2(C) , was obtained by the projection in the RPE layer and a choroidal vessel image, Fig. 2(D) , was obtained by the projection in the segmented choroidal region. The each projection region is indicated in the Fig. 2(B) . For the contrast enhancement of the choroidal vessel projection, we selected a constant thickness of 284 µm (80 pixels) corresponding to the choroidal tissue region, relative to the RPE layer [9] . The two projection images were combined with different colors to identify the each vessel; retinal vessels are colored by using red and choroidal vessels using cyan, Fig. 2 (E). 
En-sliced image
As we show in Fig. 2 , in the projection 2D image, it is somehow difficult to resolve the densely gathered or tangled vasculature, because the integrating of the intensity makes the contrast to become low. But one of the advantages of PI-OCA is that it has the 3D information while the FA and ICGA have the 2D information. Therefore, we could resolve and recognize the choroidal vessels appeared with low contrast with en-face slicing of 3D choroidal vasculature. Fig. 3 shows the en-face sliced images extracted in the several depths from the RPE layer. It is possible to find the different vasculature according to the slicing depth. We can recognize the fine choriocapillaries in the beneath of the RPE layer as shown in the Fig. 3(A) . Also we can recognize the thicker choroidal vessels in the deeper region of the choroids as shown in the Fig. 3(C) and (D). 
CONCLUSIONS
We have presented an alternative non-invasive, phase-insensitive optical coherence angiography method to obtain a 3D view of the choroidal vasculature. This method is based on high-speed SD-OCT. Two-dimensional projection images of choroidal vessels are created and combined with a retinal shadowgram. A comparison between this method and existing methods such as FA and ICGA revealed some similarities in the quality of images. In addition, we can resolve the fine or faint choroidal vessels that are smeared in the two-dimensional angiogram by using en-face slicing from the 3D choroidal vasculature.
